Exogenously supplied auxin (1-naphthaleneacetic acid) inhibited light-induced activity increase of polyamine oxidase (PAO), a hydrogen peroxide-producing enzyme, in the outer tissues of maize (Zea mays) mesocotyl. The same phenomenon operates at PAO protein and mRNA accumulation levels. The wall-bound to extractable PAO activity ratio was unaffected by auxin treatment, either in the dark or after light exposure. Ethylene treatment did not affect PAO activity, thus excluding an effect of auxin via increased ethylene biosynthesis. The auxin polar transport inhibitors N 1 -naphthylphthalamic acid or 2,3,5-triiodobenzoic acid caused a further increase of PAO expression in outer tissues after light treatment. The small increase of PAO expression, normally occurring in the mesocotyl epidermis during plant development in the dark, was also inhibited by auxin, although to a lesser extent with respect to light-exposed tissue, and was stimulated by N 1 -naphthylphthalamic acid or 2,3,5-triiodobenzoic acid, thus suggesting a complex regulation of PAO expression. Immunogold ultrastructural analysis in epidermal cells revealed the association of PAO with the secretory pathway and the cell walls. The presence of the enzyme in the cell walls of this tissue greatly increased in response to light treatment. Consistent with auxin effects on light-induced PAO expression, the hormone treatment inhibited the increase in immunogold staining both intraprotoplasmically and in the cell wall. These results suggest that both light and auxin finely tune PAO expression during the light-induced differentiation of the cell wall in the maize mesocotyl epidermal tissues.
Dark-light transitions dramatically affect organ architecture and growth rate during the first stages of plant development. In particular, for a young seedling buried under the soil surface, rapid extension growth of hypogean organs occurs in the dark to reach sunlight. The mesocotyl is devoted to accomplish this important function in maize (Zea mays) and other Gramineae, the growth of this organ being strongly stimulated in the dark, whereas it is inhibited by light as soon as the coleoptile sprouts from the soil surface. This complex photomorphogenic event, mediated by different classes of photoreceptors (Vanderhoef and Briggs, 1978) , is thought to be linked to the reduction of indole-3-acetic acid (IAA) supply from the coleoptile to the mesocotyl (Iino, 1982) , particularly in its epidermis (Barker-Bridgers et al., 1998) . This process causes a tension increase in the tissue, which constrains the growth of the whole organ, the greatest tensile force loading on the outer walls of epidermal cells (Masuda and Yamamoto, 1972; Kutschera and Briggs, 1987; Bret-Harte et al., 1991; Kutschera, 1992) .
Cell wall yielding properties depend on a finely regulated balance between wall-loosening and -stiffening events. Wall loosening is thought to be mediated by either enzymatic (Cosgrove, 2000; Darley et al., 2001) or chemical agents (Miller, 1986; Fry, 1998; Schopfer, 2001) . To this respect, it has been hypothesized recently that the hydroxyl radical ( . OH), may represent a wall-loosening agent causally involved in auxin-induced growth (Chen and Schopfer, 1999; Schopfer et al., 2002) . . OH can be produced by peroxidase in the presence of superoxide anion (O 2 Ϫ. ) and hydrogen peroxide (H 2 O 2 ; Chen and Schopfer, 1999) .
On the other hand, peroxidase activity is likewise responsible for H 2 O 2 -dependent wall stiffening that causes cell wall mechanical fortification and confers extension irreversibility during cell growth (Fry, 1986; Hohl et al., 1995; Schopfer, 1996) .
Taken together, available data suggest that the relative levels of H 2 O 2 and O 2 Ϫ. in the apoplast (Musel et al., 1997; Chen and Schopfer, 1999) and in the secretory pathway (Fry et al., 2000) may play a pivotal role in the modulation of both cell wall expansion and maturation after cessation of growth. Moreover, these reactive oxygen intermediates are known to play a key role in defense against plant pathogens as well (for review, see Grant and Loake, 2000) .
A main goal in the understanding of molecular events underlying cell wall expansion and maturation is the analysis of the specific contribution of the molecular machineries synthesizing H 2 O 2 , O 2 Ϫ. , and their cognate reaction product . OH, in the apoplast and in the secretion pathway. O 2 Ϫ. production in the apoplast has been thoroughly studied and it can be ascribed to several enzyme activities, depending on the particular physiological context or plant species (Bolwell, 1999) . O 2 Ϫ. synthesis in the apoplast seems to be redundant because it can be accomplished by either the NAD(P)H oxidizing activity of wall peroxidases (Elstner and Heupel, 1976; Bolwell et al., 1998; Frahry and Schopfer, 2001) or by a plasma membrane NAD(P)H oxidase similar to the inducible NADPH oxidase complex of the mammalian phagocytes (Wojtaszek, 1997, and refs. therein) . H 2 O 2 synthesis in the cell wall is likewise redundant because it can originate either from O 2 Ϫ. dismutation (either spontaneous or catalyzed by cell wall superoxide dismutases), or from the oxidative cycle of peroxidases in the presence of a reductant (Elstner and Heupel, 1976; Bolwell, 1999) . Amine oxidases (Angelini and Federico, 1989; Allan and Fluhr, 1997; Møller and McPherson, 1998; Laurenzi et al., 2001) or oxalate oxidases (Lane, 1994) can also be involved in H 2 O 2 production in the apoplast. Circumstantial evidence fosters the view that copper amine oxidases and flavin-containing polyamine oxidases (PAOs) play a key role in H 2 O 2 production in the cell wall during ontogenesis as well as in response to wounding or pathogen invasion in different species (Angelini et al., 1990 (Angelini et al., , 1993 Rea et al., 1998; Laurenzi et al., 1999; Wisniewski et al., 2000; Asthir et al., 2002; Rea et al., 2002; Cooley and Walters, 2002) .
Plant PAOs are FAD-containing glycoproteins responsible for the terminal catabolism of polyamines containing a secondary amino group (Š ebela et al., 2001) . These enzymes oxidize spermine and spermidine to the corresponding aminoaldehydes and 1,3-diaminopropane, releasing H 2 O 2 upon reoxidation of the reduced enzyme (Federico et al., 1990; Tavladoraki et al., 1998) . PAO is especially abundant in the primary and secondary cell walls of xylem, xylem parenchyma, endodermis, and epidermis of maize seedlings where it has been localized by means of biochemical, histochemical, and immunocytochemical methods (Kaur-Sawhney et al., 1981; Angelini and Federico, 1989; Slocum and Furey, 1991; Angelini et al., 1995; Laurenzi et al., 1999) . Furthermore, in maize mesocotyl epidermis PAO expression has been shown recently to be stimulated by light, this phenomenon being mediated by phytochrome (Laurenzi et al., 1999) . In particular, PAO mRNA and protein levels, as well as enzyme activity, increase in epidermal tissues of maize mesocotyl in response to deetiolation, both in the elongating and the mature zone. The time course of light-induced increase of PAO activity in the outer tissues of apical growing zone of the mesocotyl is tightly correlated to the inhibition of extension growth (Laurenzi et al., 1999) . Moreover, H 2 O 2 production in maize mesocotyl segments is inhibited by guazatine, a powerful PAO inhibitor (Laurenzi et al., 1999) . Characterization of promoter sequences in two genes encoding PAO (MPAO1 and MPAO2; Cervelli et al., 2000) revealed the presence of putative cis-acting motifs responsive to light or auxin, thus suggesting the possibility of a transcriptional control of PAO expression by the hormone and light.
The principal aim of the present study was to investigate whether light-induced reduction of diffusible IAA in the maize mesocotyl could regulate PAO gene expression during cell differentiation after cessation of mesocotyl growth. For this purpose, we have studied the effect of exogenous auxin supply on PAO expression levels in the outer tissues of nongrowing zone of the maize mesocotyl either in the dark or after light pulses. A further scope of this study was to understand how the variation of endogenous auxin levels, obtained by using auxin polar transport inhibitors (ATIs), could affect light-induced expression of the PAO gene. Moreover, immunoelectron microscopic analysis was performed to investigate possible effects of auxin and light on PAO subcellular localization in the epidermal cells. The physiological significance of the modulation of PAO gene expression in the maize mesocotyl by light, auxin, or ATI and changes in subcellular distribution of the enzyme are discussed in relation to cell wall stiffening and differentiation.
RESULTS

Time Course of Light-Dependent Induction of PAO Expression Revealed an Early Enzyme Inactivation
A previous study showed the induction of PAO expression in the outer tissues (i.e. cortical and epidermal tissues) of the nongrowing zone of maize mesocotyl in the days after the onset of white light exposure (Laurenzi et al., 1999) . The present study, besides confirming previous results on a long-term basis, reports a time course analysis revealing an early light-induced inhibition of PAO activity. In particular, PAO activity levels expressed on a fresh weight (Fig. 1A) or protein basis (data not shown) was 40% decreased in the mesocotyl outer tissues 3 h after a 10-min white light exposure (18,000 lux), as compared with dark controls, whereas an 8-fold increase of PAO activity levels was observed at 24 h. Western-immunoblotting analysis performed after SDS-PAGE loaded on the basis of equal enzyme activity demonstrated a higher PAO protein level in de-etiolated tissues with respect to dark control at 3 and 6 h (Fig. 1B) . In contrast, when SDS-PAGE gels were loaded on the basis of total protein level, no differences in PAO protein level were observed up to 6 h, whereas a more intense band was evident at 24 h (Fig. 1C) . This result suggests early enzyme inactivation in light-exposed tissues, while confirming the increase of PAO activity levels in the next hours. It was demonstrated previously that light had a stimulatory effect on the accumulation level of PAO mRNA a few hours after the onset of light treatment (Laurenzi et al., 1999) . White light exposure up to 3 h of crude extracts from the outer tissues of etiolated mesocotyl caused an enzyme activity decrease (this study; 44% as compared dark control value) similar to that detected after irradiating the whole plant, whereas a lower inhibition (23%) was observed in homogenates obtained from green tissues. Because catalytic activity of purified PAO was unaffected by light exposure, a direct damaging effect of light on PAO protein or FAD cofactor could be excluded. Moreover, the lower light-induced inhibition of PAO activity detected in crude homogenates from green tissues suggests the presence of some protecting substances in tissues previously exposed to light. During light exposure of dark-grown plants or crude homogenates from etiolated tissues, the formation of unknown compounds affecting PAO protein occurred. In fact, after SDS-PAGE and western-immunoblotting analyses of irradiated crude extracts obtained from etiolated shoots, additional bands probably related to PAO protein degradation were detectable (this study; data not shown). Enzyme inactivation was irreversible because PAO immunoprecipitation and dialysis failed to restore enzyme activity, suggesting that inactivation was not caused by a soluble inhibitor (this study; data not shown). Based on these observations, we concluded that the early, light-induced inhibition of PAO activity was probably caused by unknown compounds produced during sudden exposure of dark-grown plants or crude homogenates to highintensity white light. The inhibitory effect was transient ( Fig. 1) , and completely reversed thereafter. As a consequence of this phenomenon, effect exerted by auxin on light induced-PAO expression was evaluated 24 h after plant irradiation.
Auxin Treatment Strongly Inhibited Light-Induced Increase of PAO Expression in Outer Tissues of the Maize Mesocotyl
To ascertain the possible involvement of auxin in regulating PAO gene expression, we analyzed the Figure 1 . Effect of white light on PAO enzyme activity and protein levels in the outer tissues of the maize mesocotyl. Etiolated plants (108 h after soaking in the dark) were irradiated under white light (18,000 lux) for 10 min and extractable PAO activity and protein levels determined in the outer tissues of the mature zone of the maize mesocotyl at the times indicated. A, PAO activity levels (mean values Ϯ SD; n ϭ 3) expressed on a fresh weight basis in dark-grown and light-irradiated plants (inset: PAO activity levels plotted on a lower scale graph). P values have been calculated comparing PAO activity levels in control and irradiated plants for each time. ns, Not significant; *, * *, and * * *, P values Յ 0.05, 0.01, and 0.001, respectively (the nos. above the bars represent actual P values). B and C, Western immunoblotting carried out after SDS-PAGE loaded on the basis of the equal enzyme activity (B) or total protein content (C).
effect of exogenously supplied synthetic auxin 1-naphthaleneacetic acid (NAA) in the outer tissues of the nongrowing zone of the maize mesocotyl, either in the dark or after a short light treatment. Four-day-old maize seedlings (96 h after soaking [T0]) were irradiated with white light 12 h after T0 (T1) as described in "Materials and Methods." As shown in Figure 2A , 10 m NAA treatment at 0, 12, and 24 h after T0 almost totally inhibited the lightstimulated increase of PAO activity expressed on a fresh weight basis occurring 24 h after the 10-min white light exposure at T1 (T2-L). The small PAO activity increase in the dark (T1-D and T2-D), normally occurring during seedling development, was also inhibited by NAA treatment, although to a lesser extent. Very similar results were obtained when activity was expressed on total protein basis (data not shown). At 10 m auxin concentration of the treatment solution, no changes in plant morphology were observed. At concentration lower than 10 m, the hormone was less effective, and in plants treated with 1 m NAA, inhibition of light-induced PAO activity increase was hardly detected (data not shown). In the same samples, PAO mRNA and protein accumulation was examined. Total RNA purified from outer tissues of maize mesocotyl of the corresponding samples indicated in Figure 1A was analyzed by northern blot using maize PAO cDNA (EMBL Database accession no. AJ002204) as a probe (Tavladoraki et al., 1998) or maize RP-S13 (GenBank accession no. AF067732) as loading control. The analysis revealed a unique hybridizing band of Х1,900 nucleotides accumulating in a fashion that exactly paralleled the PAO activity values measured for the untreated and NAA-treated samples (Fig. 2B ). In fact, the T2-L control sample showed about a 10-fold increase in PAO mRNA amount with respect to T2-D control, indicating a light-induced increase in PAO transcript accumulation level. On the contrary, T2-L NAA sample only showed a 2-fold increase in PAO mRNA level, thus confirming the role of NAA in inhibiting the light-stimulated expression of PAO genes. Furthermore, a western-blot analysis of the crude extract of these samples revealed that the intensity of each protein band reflected the accumulation of the corresponding transcript and paralleled the relative PAO activity values (Fig. 2B) .
Wall-bound to extractable PAO activity ratio in outer tissues of the mesocotyl showed no significant differences in auxin-treated and control plants, either in the dark or after light treatment. However, we could observe that wall-bound PAO units per gram fresh weight increased from 6% (T0) to approximately 30% of total PAO units (T2 samples) as cells mature (Table I) .
Regulation of PAO Gene Expression by Auxin Is Not Mediated by Ethylene
With the aim to investigate whether the effects of auxin in the regulation of PAO gene expression could be ascribed to auxin-induced ethylene synthesis, we measured enzyme activity levels in outer tissues from dark-grown or light-exposed maize mesocotyls treated, or not, with the soluble ethylene-releasing compound 2-chloroethylphosphonic acid (Ethephon). Exogenously supplied ethylene at 0, 12, and 24 h after T0 (Ethephon concentrations ranging from Figure 2 . Effects of auxin and light on PAO activity, protein levels and transcript accumulation in the outer tissues of the mature zone of the maize mesocotyl. Etiolated plants were sprayed with 10 M NAA every 12 h starting from T0 (96 h after soaking). Light irradiation was performed for 10 min under white light (18,000 lux) immediately after T1. T1, Twelve hours of dark; T2-D, 36 h of dark; T2-L, 12 h of dark ϩ10-min light irradiation ϩ 23 h 50 min of dark. A, Extractable PAO activity levels (mean values Ϯ SD; n ϭ 3) expressed on a fresh weight basis in control and 10 M NAA-treated plants. P values have been calculated comparing PAO activity levels in control and 10 M NAA-treated plants for each time and for each light condition. ns, Not significant; *, * *, and * * *, P values Յ 0.05, 0.01, and 0.001, respectively (the nos. above the bars represent actual P values). B, Northern-and western-blot analyses (samples as in A). Total RNA was fractionated by agarose/formaldehyde gel electrophoresis, blotted onto a nylon membrane, and hybridized with 32 P-labeled maize PAO cDNA probe (upper insert). As a loading control, samples were also hybridized with the cDNA of the S13 ribosomal protein (middle insert). Western immunoblotting performed after SDS-PAGE loaded on the basis of the total protein content in control (C) and 10 M NAA-treated plants (NAA; lower insert). 0.1 m to 1 mm), did not affect PAO activity levels either in the dark or after light exposure (data not shown).
Exogenous Supply of ATIs Amplified the Light-Induced Increase of PAO Expression
The role played by the light-induced reduction of diffusible auxin in the mesocotyl (Iino, 1982; BarkerBridgers et al., 1998) in regulating PAO gene expression was further analyzed utilizing two different ATIs. Because auxin synthesis mainly occurs in the coleoptile (Iino and Carr, 1982) , plants treated with ATIs were expected to contain lower levels of the hormone in the mesocotyl. Based on the inhibitory effect exerted by auxin on light-induced PAO gene expression, ATIs were supposed to amplify lightinduced PAO expression. In line with this hypothesis, exogenous supply of the phytotropinic ATI N 1 -naphthylphthalamic acid (NPA) at a concentration of 0.01 m caused a further increase of PAO activity levels after light exposure with respect to untreated plants. In fact, the T2-L NPA sample showed an approximately 30% increase in PAO activity with respect to the T2-L control sample (Fig. 3A) . On the contrary, the increase of PAO activity in the dark was stimulated by NPA to a lesser extent, as observed in T2-D NPA and T1-D NPA samples, when compared with T2-D control and T1-D control samples, respectively (Fig. 3A) . Moreover, simultaneous supply of NPA and NAA resulted in an inhibition of lightinduced increase in PAO activity comparable with that obtained with NAA alone (data not shown), consistent with the well-known evidence that auxin does not compete with NPA for its binding site (Sussman and Goldsmith, 1981) . Also in this case, PAO mRNA and protein accumulation were examined in parallel to study PAO gene expression in response to NPA treatment under light or dark conditions. Northern-blot analysis revealed that PAO mRNA accumulates in a fashion that again parallels PAO activity levels measured in NPA-treated samples (Fig.  3B) . Western-blot analysis of the corresponding protein extracts essentially reflects the accumulation of the corresponding transcript and enzyme activity values (Fig. 3B) . NPA supply at concentrations higher than 0.01 m caused a lower effect in ampli- above the bars represent actual P values). B, Northern-and westernblot analysis. Total RNA was fractionated by agarose/formaldehyde gel electrophoresis, blotted onto a nylon membrane, and hybridized with 32 P-labeled maize PAO cDNA probe (upper insert). As a loading control, samples were also hybridized with the cDNA of the S13 ribosomal protein (middle insert). Western immunoblotting performed after SDS-PAGE loaded on the basis of the total protein content in control (C) and 0.01 M NPA-treated plants (NPA; lower insert).
fying the PAO activity increase in T2-L samples, with 10 m NPA being totally ineffective (Fig. 4) . As shown in Figure 5A , exogenous supply of the non-phytotropinic ATI 2,3,5-triiodobenzoic acid (TIBA) resulted in opposite effects depending on ATI concentration. This result is consistent with what was described previously about the auxin activity of TIBA (Thomson et al., 1973) . In particular, 0.01 m TIBA slightly increased PAO activity level in light-exposed plants with respect to control plants (T2-L control and T2-L TIBA at 0.01 m). On the contrary, 10 m TIBA acted in an auxin-like fashion by inhibiting light-induced increase of PAO activity levels to the same extent of 10 m NAA (Fig. 5, A and B) .
PAO Ultrastructural Localization in the Epidermis of Light-Exposed Maize Mesocotyl. Effect of Auxin
With the aim of studying whether light or auxin treatment influenced subcellular localization of PAO in epidermal cells, a transmission electron microscopic immunogold analysis was performed in the epidermal tissues of dark-grown or light-exposed maize mesocotyls treated, or not, with 10 m NAA. A rabbit polyclonal anti-PAO antiserum, fractionated by affinity chromatography through a Sepharose 4B column coupled to bromelain to eliminate antiglycan antibodies, was utilized as the primary probe as described in "Materials and Methods." Ultrastructural analysis revealed fair preservation of tissue morphology, together with good retention of PAO antigenic properties (Fig. 6) . Background labeling was practically absent from the anti-PAO immunoreacted sections and control grids (where the primary antibody was substituted for pre-immune rabbit serum or anti-PAO antiserum pre-adsorbed on PAOSepharose, as described in "Materials and Methods"). Immunoelectron microscopy demonstrated a specific PAO labeling in the tissue studied, although different positivity degrees depending on the light conditions were observed. In etiolated plants, faint PAO immunoreactivity in the cytoplasm and wall of epidermal cells was detected (Fig. 6, A and B) . After light exposure, a remarkably increased PAO immunolabeling in the wall and, to a lesser extent, in the cytoplasm of epidermal cells was detected (Fig. 6, C  and D) . Concerning the distribution of gold particles in the cell wall, these showed preferential localization in the inner portion of this structure, and often were observed at the interface with the plasma membrane (Fig. 6, C and D) . In the cytoplasm, particles sometimes appeared associated to specific intracellular compartments, such as endoplasmic reticulum cisternae and vesicles (Fig. 6C) . The external cuticle, the mitochondria, and the large internal vacuole were consistently unlabeled. Effects of NPA and light on PAO activity levels in the outer tissues of the mature zone of the maize mesocotyl. Extractable PAO activity levels (mean values Ϯ SD; n ϭ 3) expressed on a fresh weight basis after treatments with NPA at different concentrations. Plants were sampled at T2. P values have been calculated comparing PAO activity levels in NPA-and NAA-treated plants with respect to controls. ns, Not significant; *, * *, and * * *, P values Յ 0.05, 0.01, and 0.001, respectively (the nos. above the bars represent actual P values). Effects of TIBA and light on PAO activity levels in the outer tissues of the mature zone of the maize mesocotyl. Etiolated plants were sprayed with TIBA (ranging from 0.0l M to 1 mM) every 12 h starting from T0 (96 h after soaking). Light irradiation was performed for 10 min under white light (18,000 lux) immediately after T1 time. P values have been calculated comparing PAO activity in control and TIBA-treated plants for each time and for each light condition. ns, Not significant; *, * *, and * * *, P values Յ 0.05, 0.01, and 0.001, respectively (the nos. above the bars represent actual P values). A, Extractable PAO activity levels (mean values Ϯ SD; n ϭ 3) expressed on a fresh weight basis after treatments with TIBA at different concentrations (plants were sampled at T2). B, PAO activity levels (mean values Ϯ SD; n ϭ 3) expressed on a fresh weight basis in control, 10 M TIBA-, 0.01 M TIBA-, and 10 M NAA-treated plants. T1, Twelve hours of dark; T2-D, 36 h of dark; T2-L, 12 h of dark ϩ10-min light irradiation ϩ 23 h 50 min of dark.
The effect of the auxin analog NAA on PAO subcellular localization in epidermal cells was also studied at the ultrastructural level by immunogold cytochemistry. In etiolated, NAA-treated plants, PAO immunoreactivity was similar to that found in etiolated untreated plants, except in the cell wall where the amount of gold particles was slightly higher (Fig.  6, E and F) . Light-exposed, NAA-treated plants showed a mild increase in PAO labeling in the cell wall of epidermal cells with respect to either untreated or NAA-treated etiolated samples (Fig. 6, G  and H ). In the cell wall, gold particles were often seen in the inner part of this structure (Fig. 6, G and H) .
DISCUSSION
In this work, we report that light-mediated induction of PAO expression in the outer tissues of maize mesocotyl is negatively regulated by auxin. Exogenously supplied auxin totally reversed the increase of PAO activity induced by light. In this organ, high auxin levels supplied from the coleoptile in the dark (Iino and Carr, 1982) are supposed to keep walls in a loosening state, possibly by triggering O 2 Ϫ. production and, as a consequence, increasing . OH levels, thus promoting fast extension growth (Schopfer, 2001) . De-etiolation results in a strong reduction in the level of diffusible auxin, especially in the epidermis (Iino, 1982; Barker-Bridgers et al., 1998) . It can be argued that the expression of H 2 O 2 -delivering systems should be kept at low levels in the dark (the only H 2 O 2 source available being O 2 Ϫ. dismutation), while being strongly induced after light exposure. In this scenario, it is conceivable that auxin downregulates the expression or activity of these systems. The inhibition of light-induced increase in both PAO mRNA and protein levels by auxin treatment, together with the occurrence of auxin-responsive cisacting motifs in promoter regions of MPAO1 and MPAO2 (Cervelli et al., 2000) , suggests that the regulation of PAO expression is mainly accomplished at the transcriptional level. The presence of several potential auxin and light-responsive elements (LREs) in the 5Ј-flanking regions of MPAO1 and MPAO2 genes revealed a rather complex multipartite promoter motif arrangement. This promoter organization suggests a common regulation operating on the cis-acting elements, an AuxRE box and a G box, located in the proximal region (Cervelli et al., 2000) . It is noteworthy that in the distal promoter regions of MPAO1 and MPAO2 genes, other putative LREs have been described (Cervelli et al., 2000) . Although posttranscriptional regulation of PAO expression cannot be ruled out, the different promoter architecture shown by MPAO1 and MPAO2 genes, likewise the activity/ presence of cognate trans-acting factors, could play a role in the modulation and/or fine control of PAO expression in different organs and tissues of the maize seedling. PAO expression in mesocotyl stelar tissues is independent of light conditions under which plants are grown (Laurenzi et al., 1999) .
In this scenario, auxin should thus act as a negative regulatory factor in the modulation of PAO gene expression in the mesocotyl epidermis, the decrease in the hormone level occurring after plant exposure to light being a necessary condition for light-induced stimulus on this event. On the other hand, darkgrown plants treated with NPA or TIBA, in which endogenous auxin levels have been decreased in the mesocotyl by inhibiting auxin polar transport, failed to show a strong increase in PAO expression, thus excluding that the latter be solely modulated by the variation in diffusible auxin. As a consequence, it can be argued that light-induced decrease in auxin levels in the mesocotyl epidermis is not sufficient to stimulate an increase in PAO expression. It is likely that light-induced increase of PAO expression in the maize mesocotyl during de-etiolation is the result of a complex regulation. Two or more different transcription factors, namely light-inducible activators and auxin-dependent repressors, could modulate PAO gene transcription. To this respect, light could play both a direct and an indirect role in the stimulation of PAO gene expression. Light-mediated reduction of auxin supply from the coleoptile into the mesocotyl could disable putative auxin-responsive repressors. A helpful comparative model could be ARF transcription factors first described in Arabidopsis (Ulmasov et al., 1997) . These are either transcriptional activators or repressors, bound to TGTCTC (or the degenerate version TGTCCCAT) AuxRE composite elements that dimerize with AUX/ IAA proteins at low IAA level, thus being inactivated. At high IAA levels, AUX/IAA proteins dissociate from ARF and are degraded by the proteasome complex, thus enabling ARF to exert their activity (in this case it could be repression of PAO gene transcription; Tiwari et al., 2001 ). The functional significance of the TGTCTC AuxRE-like elements C(G/ A)TCCCAT present in the proximal region of MPAO1 and MPAO2 promoters (Cervelli et al., 2000) remains to be assessed. On the other hand, light could directly stimulate light-responsive transactivators as a result of light signal transduction by phytochrome, in a way reminiscent of that described in Arabidopsis for light-mediated regulation of gene expression exerted by HY5 (Oyama et al., 1997) and associated photomorphogenic repressor COP1 (Deng et al., 1991) . When exogenous auxin is supplied to light-exposed plants, the auxin-responsive repressor would be kept in an active form, thus repressing PAO gene transcription. However, it cannot be excluded that light-responsive activators could be inactivated, degraded, or disabled to bind LREs on PAO promoter as a result of auxin treatment after light exposure.
An additional factor possibly influencing the cell wall-loosening/-stiffening equilibrium is the formation of intermolecular cross bridges between hemicelluloses or structural proteins, which is compartment specific and cell age dependent. These events have a remarkable physiological significance during elongation growth and cell wall maturation in late developmental stages. In particular, the formation of diferuloyl bridges in arabinoxylans in young maize cells or tissues may occur early in the secretion path-way, resulting in the formation of cross-linked arabinoxylan coagula in Golgi vesicles (Fry et al., 2000) . It is expected that these coagula will show poor capacity of hydrogen bond formation with cellulose microfibrils after being secreted, thus helping in maintaining high cell wall extensibility. As the cell matures, cross-linking activity occurs mostly in the apoplast concomitant with cellulose microfibril binding, thus having a wall-stiffening effect (Fry et al., 2000) . Concerning this, immunoelectron microscopic localization of PAO, independent of the treatment, showed localization of the enzyme in both the cytoplasm and wall of epidermal cells, suggesting a role in the synthesis of H 2 O 2 both intraprotoplasmically and wall localized.
Although PAO labeling was scarce in etiolated epidermal tissues, a substantial increase in PAO immunolabeling was observed in the mesocotyl epidermis after exposing plants to light. Interestingly, immunoparticles were often observed inside secretory cytoplasmic organelles, such as endoplasmic reticulum and vesicles, thus suggesting enhanced neosynthesis and exocytosis of the enzyme. The intense labeling found in the inner part of the cell walls, often at the boundary with the plasma membrane, further supports this hypothesis. This event can be functional to the need for a wall-localized increased production of H 2 O 2 to sustain in muro di-ferulate cross bridge formation and lignification (Musel et al., 1997; Fry et al., 2000) . According to results obtained on the inhibitory effect of auxin on light-induced PAO gene expression, treatment of maize plants with auxin resulted in a visible attenuation of PAO immunolabeling. Nevertheless, a modest augmentation of immunolabeling in the epidermal walls was observed in either etiolated or light-exposed NAA-treated plants as compared with etiolated untreated samples, this phenomenon probably being due to a stimulation of cell secretory activity by exogenously added auxin (for review, see Napier and Venis, 1995) .
CONCLUSION
Recent progress in the understanding of the engagement of reactive oxygen intermediates in the biogenesis and modification of cell wall structure, as well as the present results concerning the regulation of PAO gene expression by light and auxin, allow envisioning a new scenario in the molecular events regulating cell wall extension and differentiation.
Fast extension growth of maize mesocotyl in the dark is known to be sustained by auxin, mostly transported from the coleoptile (Iino and Carr, 1982) . High auxin levels will result in the down-regulation of PAO gene expression as well, possibly through auxin-dependent transcriptional repressors acting on AuxREs present in promoter regions. The cytoplasmic localization of PAO in this condition may account for the need of intraprotoplasmic production of H 2 O 2 for polymer cross-linking in the secretory pathway (Fry et al., 2000) . Exposure of maize seedlings to light results in the induction of PAO expression in epidermal tissues throughout the mesocotyl, with a great increase of PAO abundance in the cell walls. This event, at least in part mediated by phytochrome (Laurenzi et al., 1999) , is probably linked to the physiological requirement of higher production of H 2 O 2 in the apoplast to drive peroxidase-catalyzed crosslinking and lignification to complete cell wall stiffening and differentiation. Although a light-mediated posttranslational modification of PAO protein stimulating the enzyme activity cannot be excluded, light-induced PAO gene expression in the epidermis of maize mesocotyl is most probably mediated by phytochrome-dependent transcriptional activators acting at the LREs. The negative regulation of auxindependent repressors on PAO gene expression in the mesocotyl epidermal tissues would be counteracted by the light-induced decrease of diffusible auxin from the coleoptile after light exposure (Iino, 1982; Barker-Bridgers et al., 1998) .
MATERIALS AND METHODS
Plant Material
Maize (Zea mays L. cv DK 300; Dekalb-Monsanto, Mestre, Italy) seeds were soaked for 12 h in running tap water and germinated on paper under 1 cm of loam at 20°C in a growth chamber in the dark. Some plants were sprayed with NAA, Ethephon, or TIBA (Sigma-Aldrich, Milan), or NPA (Duchefa Biochemie, Haarlem, The Netherlands) aqueous solutions at the indicated concentrations every 12 h starting from 96 h after soaking (T0). A wetting agent (Etravon, Novartis, Origgio, Italy) was added to all solutions at 0.1% (v/v) . Control plants were sprayed with 0.1% (v/v) Etravon aqueous solution. No apparent morphological modifications were observed after treatments. Light irradiation was given for 10 min, 12 h after T0 (T1), at 20°C in a growth chamber equipped with HCI high pressure discharge lamps (Osram, Milan; 18,000 lux at plant level). The following abbreviation will be used to summarize light treatment and times: T1, 12 h after T0 in the dark; T2-D, 36 h after T0 in the dark; and T2-L, 12 h after T0 in the dark ϩ 10-min light irradiation ϩ 23 h 50 min in the dark. Cortical plus epidermal tissues were obtained by drawing out the stele from 2-cm-long segments excised from the nonelongating zone of the mesocotyl after eliminating the 1-cmlong subnodal segment.
Plant material was ground with mortar and pestle at 4°C in 0.2 m sodium phosphate buffer (pH 6.5; tissue to buffer ratio 1:5 [w/v]). Homogenates were centrifuged at 12,000g for 20 min at 4°C. Supernatants were used for the determination of protein concentration and extractable PAO activity. Western-blot analysis was also performed on crude extract supernatant. For determination of wall-bound PAO activity, pellets obtained after centrifugation of crude homogenates were resuspended in the appropriate volume of 0.2 m sodium phosphate buffer (pH 6.5) containing 0.01% (w/v) Triton X-100 and centrifuged at 15,000g at 4°C for 5 min. This step was repeated three times to remove traces of extractable enzyme. The washed pellets were resuspended in 0.2 m sodium phosphate buffer (pH 6.5; 1 mL ⅐ g fresh weight Ϫ1 ) and the suspension used for the polarographic determination of wall-bound PAO activity.
Reported activity values are the mean of three independent experiments, each performed with three replicates. P values have been calculated with Student's t test analysis, comparing PAO activity in control and treated plants, for each time and for each light condition.
Enzyme Assays, Protein Determination, and Western-Blot Analysis
Extractable PAO activity was measured spectrophotometrically by following the formation of a pink adduct (⑀ 515 ϭ 2.6 ϫ 10 4 m Ϫ1 cm Ϫ1 ) as a result of the oxidation and following condensation of 4-aminoantipyrine and 3,5-dichloro-2-hydroxybenzene sulfonic acid (Sigma-Aldrich) catalyzed by peroxidase (Smith and Barker, 1988) . The assays were performed in 0.2 m sodium phosphate buffer (pH 6.5) containing 0.06 mg horseradish peroxidase (Sigma-Aldrich), with 2 mm spermidine as the substrate in 1 mL total volume. Wall-bound PAO activities were determined at 30°C measuring oxygen consumption in an oxygraph (Hansatech, Norfolk, UK) equipped with a Clark electrode, as described by Augeri et al. (1990) . Copper amine oxidase activity, determined by using the same extracts and assays with putrescine as the substrate, was undetectable in all samples. Thus, spermidine oxidation could be entirely ascribed to PAO activity.
Enzyme activities were expressed in International Units (1 unit is the amount of enzyme that catalyzes the oxidation of 1 mol substrate per min). Protein content was estimated by the method of Bradford (1976) with bovine serum albumin as a standard. SDS-PAGE was performed according to the method of Laemmli (1970) . Western-blot analysis was performed after protein deglycosylation (Woodward et al., 1985) according to Towbin et al. (1979) . Analyses were performed on 20 g of total soluble proteins of each extract. After electroblotting, nitrocellulose membranes were tested for equal loading by staining with Ponceau S (Sigma-Aldrich; 0.1% [w/v] Ponceau S in 5% [v/v] acetic acid; data not shown). A 1,000-fold diluted maize-PAO rabbit polyclonal antibody and a 5,000-fold diluted peroxidaseconjugated goat anti-rabbit IgG (Sigma-Aldrich) were employed to detect PAO protein accumulation using 4-chloro-1-naphthol (Sigma-Aldrich) and H 2 O 2 as substrates, according to the manufacturer's instructions. Experiments were performed independently at least five times, yielding reproducible results. Single representative experiments are shown in the figures. Immunoprecipitation was performed with rabbit polyclonal anti-maize-PAO antiserum using Protein A Sepharose CL-4B (Amersham Pharmacia, Uppsala) according to the manufacturer's instructions.
RNA-Blot Analysis
Total RNA was isolated using the TRIzol reagent (Life Technologies/ Gibco-BRL, Milan), following the manufacturer's instructions. Twenty micrograms of total RNA was fractionated on a 1.2% (w/v) agarose/formaldehyde gel and transferred to a Hybond N ϩ nylon membrane (Amersham Pharmacia). Hybridization was carried out according to Sambrook et al. (1989) with the QuickHyb (Stratagene, La Jolla, CA), following the manufacturer's instructions, and using P 32 -labeled maize PAO cDNA as probe. As a control, samples were also hybridized with an internal portion of the cDNA specific for the ribosomal protein S13 (RP-S13, GenBank accession no. AF067732).
Electron Microscopic Immunolocalization
Subapical mesocotyl segments obtained either from etiolated or lightexposed maize seedlings, treated or not with auxin as described above (T2-D, T2-L, T2-D NAA, and T2-L NAA) were used for this study. Onemillimeter-long fragments were fixed by immersion, under vacuum aspiration, in 4% (w/v) paraformaldehyde and 0.5% (w/v) glutaraldehyde in 50 mm sodium cacodylate buffer (CB; pH 7.4) for 2 h at room temperature (RT), and for 2 h at 4°C. Specimens were treated with 0.25% (w/v) tannic acid in CB for 1 h at 4°C, with 50 mm ammonium chloride for 30 min at 4°C and with 2% (w/v) uranyl acetate for 1 h. The above incubations were separated by extensive washings in CB and the whole process was performed at 4°C. Samples were partially dehydrated in graded ethanol (to 70% [w/v] ) at 4°C, immersed in 90% (w/v) ethanol for 45 min at Ϫ20°C, then gradually infiltrated with London Resin Gold (Agar Scientific Ltd., Stansted, UK) at Ϫ20°C. After immersion in pure resin overnight at Ϫ20°C, polymerization was carried out using fresh resin and 0.5% (w/v) benzoin methyl ether as UV catalyst at Ϫ20°C under UV light for 48 h. Ultrathin sections were obtained by a Reichert Ultracut S ultramicrotome (Leica Microsystems, Milan) from randomly chosen embedding blocks from plants grown and treated as above described. Sections were collected on collodium-coated nickel grids and then processed for immunogold labeling, using a rabbit polyclonal anti-PAO antiserum, fractionated by affinity chromatography through a Sepharose 4B column (Amersham Pharmacia) coupled to bromelain (Sigma-Aldrich), according to the manufacturer's instructions, to eliminate anti-glycan antibodies (Satoh, 1990) . Grids were incubated in the primary antibody diluted 1:50 (v/v) in phosphate-buffered saline containing 1% (w/v) bovine serum albumin (medium A) for 1 h at RT. After washings in medium A containing 0.01% (v/v) Tween 20 (Merck, Darmstadt, Germany), sections were incubated in goat anti-rabbit IgG conjugated to 15-nm colloidal gold particles (British BioCell Int., Cardiff, UK) diluted 1:100 (w/v) in medium A containing 2% (w/v) fish gelatin for 1 h at RT. Anti-PAO antiserum pre-adsorbed onto a column of Sepharose 4B conjugated to pure maize PAO was used as primary antibody control. Some sections were incubated with colloidal gold-conjugated goat anti-rabbit IgG as secondary antibody control. Grids were thoroughly rinsed in distilled water and briefly contrasted with uranyl acetate and lead citrate. Immunoreacted sections were observed in a 120 CM electron microscope (Philips, Monza, Italy) and images were electronically captured.
